Abstract: A five parameter, daily vegetated roof water balance model (VR-WBM) was developed, calibrated, and validated by using experimental vegetated roof data from the Seacoast, New Hampshire region. The lysimeter experiment on a sedum canopy characterized water storage with a 0.051 mm resolution. Overall, the results show that the average stormwater runoff reduction was 32% for the study period, and an average reduction per storm was 57%. Average daily evapotranspiration (ET) rates were 1:24 mm∕day during the warmest month and 0:52 mm∕day during the coolest month. For well-watered conditions, the ET losses were well-modeled by using a grass reference evapotranspiration (ET) value with a crop coefficient of 0.53 for the study's sedum canopy in which the onset of stomatal closure occurs when the soil moisture is 0:11 m 3 ∕m 3 . When soil moisture content values are lower than 0:11 m 3 ∕m 3 , evapotranspiration rates decrease linearly with declining soil wetness. The VR-WBM does an excellent job predicting runoff (R 2 ¼ 0:98) and storage (R 2 ¼ 0:94). Although ET had a lower R 2 value, (R 2 ¼ 0:59), the average ET values were within 3% of the observed values, and they do not appear to affect storage and runoff predictions. Additionally, the model demonstrated an ability to accurately quantify antecedent soil moisture and its effect on runoff generation.
Introduction
A dominant factor that alters natural hydrologic systems is urbanization (Claessens et al. 2006) . A primary challenge is the five-fold increase in runoff from impervious surfaces in a typical city block as compared with that for a woodland area of the same size (EPA 2003) . Thus, stormwater runoff management is critical to reduce urbanization effects on the water cycle.
Although there are many stormwater best management practices (BMPs) that can reduce stormwater effects, vegetated roof BMPs are unique in their ability to reduce stormwater loads within highly urbanized areas with unutilized rooftop space. In some highly urbanized areas, rooftops can constitute from 30 to 50% of the impervious surface (Dunnett and Kingsbury 2004; Carter and Rassmussen 2006; Oberndorfer et al. 2007 ). Vegetated roofs reduce stormwater input through retention and subsequent evapotranspiration (Mitchell et al. 2008) , decrease roof runoff volume much more than a conventional ballasted roof (Bliss et al. 2009 ), and significantly decrease overall urban runoff (Mitchell et al. 2008) . In addition to stormwater reduction, vegetated roofs can provide many additional benefits to an urban area (VanWoert et al. 2005) .
Experimental results show that vegetated roofs reduce overall stormwater volumes from 30 to 90% (Bliss et al. 2009; Hathaway et al. 2008; Teemusk and Mander 2007) . Reductions vary among studies and may be attributed to the differences in the substrate depth, substrate composition, and extent of plant selection and propagation among study roofs (Berghage et al. 2007; Wolf and Lundholm 2008) . Climate, roof slope, height, and surrounding buildings may also affect results (Getter et al. 2007; VanWoert et al. 2005; Villarreal and Bengtsson 2005) . For example, Getter et al. (2007) found that retention decreases with increasing rainfall depth and increasing roof slope.
Although experimental studies in vegetated roof stormwater retention have quantified the general characteristics of rainfall-runoff relationships, limited experimental data exist to quantify green roof evapotranspiration (ET) and soil media water storage between storm events. Lazzarin et al. (2005) estimated that ET rates range from 0.69 to 6:9 mm∕day with typical values of 1:6 mm∕day using a Penman-Monteith model with crop coefficients derived by using an energy balance approach. However, their ET values were estimated as the residual of the energy terms rather than a direct measurement. Greenhouse studies by Wolf and Lundholm (2008) and Berghage et al. (2007) showed that ET rates vary by soil water content. Wolf and Lundholm (2008) found that wet, intermediate, and dry conditions yielded 1.7, 1.3, and 0:5 mm∕day of ET, respectively, from succulents. After saturating to field capacity, Voyde et al. (2010) had average ET rates between 1.9 and 2:2 mm∕day for the 7 days following saturation and Berghage et al.'s (2007) modules had average ET rates of 1.9 and 0:4 mm∕day two and 10 days after watering, respectfully. Although these studies provide comprehensive ET and storage data, both studies were conducted in greenhouses, making it difficult to use the results to predict the magnitude of ET losses from a rooftop.
Ultimately, experimental ET losses and storage results are needed to develop vegetated roof models that can accurately predict runoff. Models such as the curve number (CN) method (Alfredo et al. 2010 ) and the unit hydrograph method (Carter and Rasmussen 2006; Villarreal and Bengtsson 2005) were used to predict vegetated roof runoff but have limited ability to account for antecedent 1 Environmental Research Group, Dept. of Civil Engineering, Univ. of New Hampshire, Durham, NH 03824. moisture conditions. In contrast, water balance models require storage changes between events to be estimated. Berghage et al. (2007) used a bucket approach as the basis for their annual green roof response model (AGGR) and storm green roof response model (SGRR) to estimate stormwater runoff for vegetated roofs. The AGRR predicts the annual roof runoff on a daily time step by using daily precipitation and ET values, where as SGRR is a storm-based event that estimates the storage capacity of the vegetated roof from an interstorm duration. Hilten et al.'s (2008) HYDRUS-1D model requires precipitation, potential evapotranspiration, and soil properties including field capacity, wilting point, density, and soil type. She and Pang (2010) created a physically based model using 3 years of historic vegetated roof runoff data. This approach is robust and more accurately reflects vegetated roof response to actual roof top conditions. However, this model does not include ET data, neglects ET during storm events, and assumes that ET decays exponentially with moisture content between events. Other models use complex physics and a detailed soil profile to estimate water and energy balances [e.g., Palla et al. (2009) and Lazzarin et al. (2005) ]. To date, there is no consistent, transferable means to predict the drying in between events that uses readily available data.
Drying predictions require that ET be modeled using readily available climate data. Potential evapotranspiration (PET), rather than actual evapotranspiration (AET), is a common input for hydrologic models because it offers an upper limit to ET water losses. The PET is a function of available energy, vapor-pressure gradient, and vegetation type. In estimating PET, a clear definition of the best method for computation is not evident, and the method choice is often subjective. As reviewed by Douglas et al. (2009) , PET intercomparison studies commonly report that the selection of one method from the many available is primarily dependent on the objectives of the study and the type of data available. They also report that the two approaches used to evaluate the utility of various PET methods are (1) relative performance of PET methods in hydrologic modeling and (2) comparisons of computed PET with empirical ET measurements. For vegetated roof studies, in which the goal is to characterize runoff, the former approach is preferred. Under moisture-limited conditions commonly found for vegetated roofs, physically and empirically based approaches can be used to estimate moisture-limited ET (Salvucci 1997) . A well-established empirical approach determines evaporation by combining the potential evaporation with a proportionality coefficient or reduction factor that is a function of soil moisture (Brutsaert 1991; Jacobs et al. 2002) .
The goal of this research is to experimentally quantify and model the water dynamics of a modular vegetated roof system. The focus is to present a new vegetated roof water balance model (VR-WBM) that includes the quantification of soil water losses to ET and their effect on vegetated roof storage capabilities and runoff. Specific research objectives are to experimentally determine the water balance components of a vegetated roof system including precipitation, runoff, evapotranspiration, and storage and to use these results to parameterize and validate VR-WBM's ability to continuously predict daily vegetated roof water dynamics.
Model
The VR-WBM is a one-dimensional water balance model with a single, uniform soil storage compartment that uses a daily time step. The module inputs are precipitation and dew. The outputs are storage, runoff, and ET. The model is forced using atmospheric data. The water balance model was developed for a daily time step in which
where S 1 = final soil moisture (mm); S 0 = initial soil moisture (mm); P = precipitation (mm); D = nighttime dew formation (mm); R = runoff from unsaturated soils, between soil saturation and field capacity (mm), Dr = direct runoff from saturated soils (mm); and ET = daytime ET (mm). Total runoff is the sum of R and Dr. Following Guswa et al.'s (2002) approach, daytime ET is estimated for a given potential ET p and the soil water
where Sh = hygroscopic saturation (mm) or the soil water content at which ET ceases; and S Ã = soil water content at stomatal closure (mm). ET p is estimated using from a short grass reference ETðET o Þ scaled by a crop coefficient (Allen et al. 1998) 
where c = crop coefficient; and ET o is shown as
where ET o = standardized reference crop ETðmm∕dayÞ; R n = net radiation at the crop surface (MJ∕m 2 ∕day); G = soil heat flux at the soil surface (MJ∕m 2 ∕day); T = mean daily or hourly air temperature at 1.5-2.5-m height (°C); u 2 = mean daily or hourly wind speed at 2-m height (m∕s); e s = mean saturation vapor-pressure at 1.5-2.5-m height (kPa) (for daily computation, the value is the average of e s at maximum and minimum air temperature); e = mean actual vapor-pressure at 1.5-2.5-m height (kPa); Δ = slope of the saturation vapor-pressure-temperature curve (kPa∕°C); g = psychrometric constant (kPa∕°C); C n = numerator constant for reference type and calculation time step; and C d = denominator constant for reference type and calculation time step. For daily time steps, the constants C n and C d are 900 and 0.34, respectively. The values of R n and G are estimated from measured values of incoming solar radiation, as described by ASCE-EWRI (2005) .
On days with precipitation, S 0 is the net of initial storage, precipitation, and runoff. To determine runoff, precipitation that can be infiltrated into the soil medium, I (mm), is calculated on the basis of the rainfall and available module storage as
where S Max = maximum water storage capable within the module (mm). On the basis of the infiltrated volume, the module drains to field capacity on a daily basis
where S f c = soil field capacity, the point at which the suction force within the soil is equal to the gravitational force, for the module.
Any precipitation that falls within a time period that exceeds the soil's water holding capacity immediately drains where Dr is given as
Dew is estimated from solar radiation by using observed values of dew and solar radiation. In this paper, dew was recorded as the change from the minimum storage observed at the beginning of the evening and the maximum storage observed at the beginning of the following morning. The analysis of regression relationships between atmospheric variables and dew magnitude showed that daily solar radiation is the best predictor of dew for the current study with a statistically significant linear relationship (R 2 ¼ 0:258) where
where S R = daily solar radiation (MJ∕m 2 ). Because the relationship is not strong, future studies would be advised to consider local condensation and its dependence on atmospheric conditions if dew formation is likely significant.
In summary, the model requires five parameters. The three vegetation parameters are Sh, S Ã , and c. The soil characteristics are S Max and S f c . The parameters will be determined by using the data from the first 4 weeks of the experiment. Sensitivity analysis was conducted by using one factor at a time (OAT) screening techniques to examine the relative sensitivity of storm water retention to these five parameters. In the OAT method, only one factor, x i , varies at a time, whereas other factors are fixed. This method ensures that the model response is unambiguously because of the change in factor x i . A relative sensitivity index S, the ratio between the relative normalized change in output to the normalized change in related input, was calculated to quantify the sensitivity of the modeled storm water retention to the model parameters following (McCuen 1973) where
where S i = sensitivity index with respect to parameter i indicating the relative partial effect of parameter x i on modeled storm water retention Z. Model performance statistics are used to compare the observed drainage, ET, and storage values to predicted values. The NashSutcliffe efficiency E (Nash and Sutcliffe 1970) is given as
where N = number of observations; Obs = observed value; Pre = predicted value; and Obs = average of the observed values. The remaining metrics are described in Willmott (1982) . The mean absolute error (MAE) of the compared data sets is given as
The root mean square error (RMSE) is the average squared difference between observed and predicted values, given as
Experiment Description
The experimental site was located on the Kingsbury Hall roof (latitude 43.1341°N and longitude 70.9348°W) at the University of New Hampshire (UNH), Durham, New Hampshire (Fig. 1) . The site is located in a semihumid temperate location in coastal New Hampshire. It is approximately 12 km from the Atlantic Ocean, 30 m above sea level, and roughly 10 m above ground level. The area surrounding site has a local building density of 68 buildings∕km 2 . The site roof is a flat, light gray roofing material approximately 30 m east to west and 28 m north to south. North-and south-facing walls are 6 and 4.7 m tall, respectively and extend the width of the roof, whereas the east and west sides have unprotected edges.
Coastal New Hampshire, according to the Durham, NH National Oceanic and Atmospheric Administration (NOAA) Northeast Regional Climate Center (NRCC) 30-year average, has an average mean daily temperature of 8.7°C (47.6°F), with a monthly average temperature range from À5:0°C (23.3°F) in January to 21.5°C (70.7°F) in August. Average annual precipitation is 109 cm∕yr (42:8 in:∕year).
This experiment used Green Grid® vegetated roofing modules provided by Weston Solutions, Inc. that were planted in 2007, approximately 2 years before the study period. The modules are 100% preconsumer, recycled, high molecular weight polyethylene that range in size and depth and contain a growing media and vegetation. For this experiment, the modules were approximately within a 1.22 m (4 ft) by 0.62 m (2 ft) and 100-mm (4-in.) deep with retention areas, 89-mm 2 (3:5-in: 2 ) and 13-mm (0.5-in.) deep, located on the bottom of the module, which store water without runoff. The remainder of the bottom of the module has channels running the length and width of the entire module with drainage perforations spaced intermittently. The original substrate was composed of 65% lightweight expandable shale, 15% biosolids or comparable compost, 10% perlite or other lightweight additives, and 10% fines, as tested by the Agricultural Analytical Services Laboratory at the Pennsylvania State University. During the research period, four species of sedums, Sedum rupestre, Sedum spurium, Sedum kamtschaticum, and Sedum rubrotinctum, were present in the modules.
The vegetated roof's water storage was measured continuously by using a weighing lysimeter approach, in which the module was suspended from a frame structure. This approach builds upon Berghage et al.'s (2007) weighing lysimeter experiment that used wood construction modules contained within an environmentally controlled greenhouse. In this experiment, the authors constructed the system's frame from 1.9-cm galvanized steel pipes. A galvanized steel 56-kg test wire was used as both horizontal and cross support in tension. Two split ring hangers were connected above and below an Interface, Inc. SSM Sealed S-Type 250 load cell connecting the module frame to the suspended module. A Texas Electronics Inc. TE525WS-L tipping bucket was collocated with the module. Experimental data were collected every minute by using a Campbell Scientific, Inc. CR10X datalogger and aggregated to 30-minute time intervals. The lysimeter was able to capture 0.051-mm changes in module water storage, whereas the tipping bucket has a resolution of 0.254 mm.
Precipitation, temperature, and relative humidity (RH) data were observed on the roof top of an adjoining academic building (latitude 43.1347°N and longitude 70.9356°W). Solar radiation data were obtained from a NOAA national climatic data center (NCDC) weather station located approximately 4 km from the research site (latitude 43.1721°N and longitude 70.9285°W). The site tipping bucket measurements were used to provide independent validation of the meteorological station data.
Results

Experimental Results
The experiment took place from August 7 to November 30, 2009. The module weight, temperature, and precipitation were monitored continuously over the research period. The data are complete, except for a power outage on September 21 from 1400 to 1430 hrs. During the experiment, precipitation (greater than or equal to 0.254 mm) was observed on 35 of the 116 days. The maximum daily precipitation value was 55.1 mm. Air temperatures ranged from À4:3 to 32.5°C, relative humidity was between 22.2 and 100%, wind speeds up to 6:58 m∕s were observed, and incoming solar radiation was between 0 and 28:6 MJ∕m 2 ∕day. The Durham, NH historical climate data were obtained for the period of record, 1940 to 2008, from the NCDC. When compared to the historical climate data from August through November, the 2009 study period had an identical average temperature and slightly less precipitation. Fig. 2 shows a sample of the vegetated roof storage and soil moisture measurements for the module for the month of September. Rapid increases in storage coincide with rainfall events and show the timing of the module runoff by event. The daytime storage decreases show daily drying of ET. A two stage ET process that is controlled by the module's water storage is evident. With increasing time from the last rainfall event, the water storage declines and the ET losses are reduced. The formation of dew during night is also evident. Dew, however, is unaffected by soil moisture and is a function of the atmospheric conditions of the time.
The components of the water balance equation [Eq. (1)] were summarized for the study period by month (Table 1) . The dew and daytime evapotranspiration components were separated where the beginning and end of the day were based on the time of sunrise and sunset, respectively. By using the observed values, the net daytime ET values were calculated as the difference between the maximum storage (at the beginning of the day) and the minimum storage (at the end of the day). These are the values summarized as daily ET in Table 1 . The dew/nightime ET values are the magnitude of the change in storage from the beginning of the evening to the following morning. Because it was not possible to separate nighttime ET (NET) from dew, the net water loss or gain at night is reported.
Water storage in the module ranged from 0.90 to 17.00 mm with average monthly storage values from August to November of 5.2, 4.2, 10.8, and 11 mm, respectively. Thus, the latter period was much wetter than the early period. August through November had 52.6, 19.8, 62.5, and 78.8 mm of runoff, respectively, with a maximum daily runoff of 48.3 mm. The monthly module retention ranged from 17 to 55% of the monthly precipitation. Daily
and between 0.00 and 2.29 mm during October and November. Following a daily maximum ET value (2.29 mm) in early October, daily ET values steadily decreased during the remainder of the study period with few values exceeding 1.5 mm. August and September had modest nighttime water input averaging (0:14 mm∕day), whereas October and September had small nighttime water losses.
Over the research period, 17 light rain events (< 10 mm), 11 medium rain events (≥ 10 and < 25 mm), and 2 heavy rain events (≥ 25 mm) occurred. The average percentages retained for light, medium, and heavy events were 73, 39, and 16%, respectively. Seven out of the 17 light events achieved 100% retention ( Table 2) . Not all light events had high retention, notably one light event (0.36 mm) had 0% retention when the initial soil moisture was relatively high at 0:12 m 3 ∕m 3 . For the 11 medium events, a consistent relationship between initial soil moisture and module retention is evident. Larger rain events had lower percentage retention but greater magnitudes of stormwater retention. Relatively longer duration storms appear to have increased retention.
Vegetated Roof Water Balance Model Results
Parameter Estimation
The VR-WBM requires three vegetation parameters, Sh, S Ã , and c, and two soil characteristics, S Max and S f c . The parameters were determined by using data from the first 4 weeks of the experiment. First, the vegetation parameters were optimized to minimize the MAE of daily ET estimates, whereas all other parameters remained constant. The resulting parameters, Sh ¼ 0:00110 m 3 ∕m 3 (0.1161 mm), S Ã ¼ 0:111 m 3 ∕m 3 (11.32 mm), and c ¼ 0:53, estimated ET values with an MAE of 0.186 mm. Fig. 3 shows the measured module soil moisture versus the measured ET∕ET o for days with no precipitation. August and September consistently had a soil moisture drier than S Ã . October and November conditions rarely were below S Ã and had high ET∕ET o that are consistent with the well-watered conditions. The greater variability of the ET∕ET o ratios in October and November is likely caused by the relatively low ET and ET o values for that portion of the study period.
Once established, the vegetation parameters were fixed and the soil parameters were optimized to minimize the MAE of daily runoff estimates. Because a change in storage occurred in early October, the S f c soil parameter was optimized for the 4 week periods beginning on August 7 and again on October 1. The resulting best fit parameters were S Max ¼ 0:291 m 3 ∕m 3 (29.6 mm) for the entire research period, whereas S f c ¼ 0:126 m 3 ∕m 3 (12.8 mm)
for August and September and 0:140 m 3 ∕m 3 (14.2 mm) for October and November. The lower August and September values reflect a decreased capacity when soil is very dry and exhibits signs of water repellency. Drainage through a water repellent soil will occur in an irregular fashion following preferential flow path (Van Dam et al. 1990 ). The modestly higher S f c during October and November likely reflects the soil's field capacity under normal to wet conditions. These results indicate that the soil's field capacity is relatively low and may be reduced when conditions are consistently dry. Under well-watered conditions, the sedums' potential ET rate is 53% of the reference grass ET value reflecting the crop coefficient of 0.53. The point at which the vegetated roof's sedum canopy becomes stressed is when the soils are approximately 1.5 to 3.0% VSM drier than field capacity on the basis of the plants' S Ã value.
Vegetated Roof Water Balance Model Performance
The VR-WBM was used to predict the module water balance from August 7 to November 30 by using the parameters determined in the previous section. For the first 2 months, the VR-WBM predicts well the peaks from precipitation events and the initial drying period (Fig. 4) . Over a prolonged drying period, the VR-WBM appears to slightly underestimate drying from ET. In the later months, when the frequent precipitation events reduced the interstorm period and soil water storage was maintained above 8 mm, the VR-WBM performed well with an exception between November 18 and 14, when ET was overpredicted. This period was coincident with the first freezing temperatures during the observation period. Thus, freezing temperatures may be valuable in identifying periods during which the vegetated roof's actual ET will be reduced. Fig. 5 compares predicted runoff values to observed values on an event basis. The VR-WBM accurately predicts runoff for light, medium, and heavy events. As mentioned previously, events over 10 mm typically have stormwater retention rates of less than 75%. An exception was the September 27 event, in which very dry antecedent conditions resulted in an 88% retention rate. As shown in Figs. 4 and 5, the VR-WBM correctly predicted this higher retention rate. Scatter plots of the measured, and modeled values are shown in Fig. 6 . Runoff model results closely follow the 1∶1 line. Storage results also follow the 1∶1 line for all values except a cluster of values from 8 to 10 mm. These values, however, were recorded from November 9 to 14, 2009 during freezing conditions. The ET values are somewhat skewed and have greater variability around the 1∶1 line. However, the average observed and predicted values for ET are nearly identical and the standard deviations are low (Table 3) . Whereas ET has a lower R 2 value than runoff or storage on average, daily values are within 3% and do not appear to affect storage and runoff predictions. Overall the VR-WBM, which was created to predict runoff, provides a highly accurate estimation of vegetated roof runoff and storage and is capable of capturing variations in runoff results caused by differences in initial soil moisture conditions.
Sensitivity Analysis
A sensitivity analysis was conducted to determine the modeled stormwater retention's sensitivity to variations in the vegetation and soil parameters. Each parameter was adjusted independently to determine the change in stormwater retention percentage for the study period. Each parameter was varied by À50, À40, À30, À20, À10, 10, 20, 30, 40, and 50% of the original value. Fig. 7 shows that the VR-WBM was not sensitive to the Sh and S Max parameters. Modeled stormwater retention rates are equally sensitive to crop coefficient and S f c changes. Thus, enhancing the module's ability to lose water to the atmosphere or the soil media's capacity to hold water can be expected to have similar effects on runoff. However, because the sensitivity results show that increasing S Ã decreases the stormwater retention, changes to plants should consider both their ability to transpire and the point at which they become stressed.
Discussion
Experimental Results
Overall, the present study compares well to four previous studies that reported measured ET values (Table 4) . Although the 0:9 mm∕day average is lower than three studies, it is equal to Bengtson et al.'s (2005) value. Although Bengtson et al.'s (2005) values were gathered over the period of 1 year, ET values can only be gathered during nonfreezing months. This may explain why, with a study period of 4 months, our average ET rate so closely matched those of other studies. Our minimum ET value, 0:1 mm∕day, is somewhat lower than the other studies. However, this likely reflects differences in observation resolution among studies with this study having the finest ET resolution (0.051 mm) of all reviewed studies. The controlled environment of the greenhouse studies limited the natural range of ET variations. Additionally, Berghage et al. (2007) only reported ET results for 2 and 10 days after a controlled watering for a single species of sedum. Accordingly, their maximum and minimum results were measured on Days 2 and 10. This study's maximum ET value, 2:8 mm∕day, is comparable with Berghage et al.'s (2007) , 2:5 mm∕day. Lazzarin et al. (2005) likely had higher values (6:9 mm∕day) because of the location, local atmospheric conditions, thicker soil medium, and energy balance approach in which ET estimates include all residuals.
Because ET controls the antecedent moisture conditions and available storage, water balance models of vegetated roofs need to include an unbiased ET estimate. A significant challenge to including ET in models is that the potential ET is driven by local Table 4 ) are not widely transferable to differ locations or time periods. For vegetated roofs, the literature on quantitative relations between ET and easily obtainable data offers the potential to estimate ET. Sumner and Jacobs (2005) suggest approaches that include (in order of increasing data requirements): pan evaporation (requires measurement of daily evaporation from evaporation pan), reference ET (requires measurement of incoming solar radiation, air temperature, relative humidity, and wind speed), modified Priestley-Taylor equation (PT) (requires measurement of net radiation, soil heat flux, air temperature, and other environmentspecific variables), and Penman-Monteith equation (PM) (requires measurement of net radiation, soil heat flux, air temperature, relative humidity, and wind speed). This study and that of Lazzarin et al. (2005) used reference ET and crop coefficients to estimate vegetated roof ET. Advantages of this approach are that (1) the plant and local climate effects are considered separately, (2) the reference evapotranspiration can be calculated from local weather data, and (3) a standard method to estimate reference ET exists (ASCE-EWRI 2005) . The separation of effects allows the crop coefficient values to be compared across sites. The optimal crop coefficient was 0.53 for this study. Lazzarin et al. (2005) found that the crop coefficient varied between 0.35 and 0.51 for summer periods without water stress. Although vegetation characteristics and propagation change both seasonally and annually, in our study, crop coefficients were set to a constant value following the standard approach (Allen et al. 1998) , and ET reductions were applied linearly based on soil moisture depletions below the stomatal closure point. In contrast, Lazzarin et al. (2005) used a variable crop coefficient that they reduced during the dry summer periods from 0.35 to zero. On the basis of their findings and our observed seasonal variability (Fig. 3) , it is recommended that longer term studies be conducted to refine ET crop coefficients and reduction method for seasonal, plant species, and soil types and depths effects. Additionally, the crop coefficient method is only one of several potentially viable approaches to estimate ET, and future studies are needed to compare among a broader range of methods. In contrast to the limited studies on ET losses, many studies have provided storm frequency, magnitude, and retention rates (Table 5) . Differences among studies depend on whether results are reported as either an average of the individual storm reduction percentage or as the total retained divided by total precipitation. The former is higher because there are more small storms with relatively high percent retentions. Getter et al. (2007) reported the highest average per storm reduction (85%). They attributed these high rates to differences in substrate depth, antecedent moisture conditions, and precipitation patterns. In addition, they mentioned that other researchers included large storms in their stormwater analysis. Teemusk and Mander (2007) is the only other study with a greater average per storm reduction. Their study captured only three storms with percent retentions of 86, 94, and 22%. Depending on slope, Villarreal et al.'s (2007) 64% reduction may also be caused by their additional drainage layers that add storage capacity. Reduction can occur in fabric layers placed below vegetated roofs, on the roof itself, and in pipes enroute to the systems monitoring runoff. In summary, the current research agrees with previous studies that found runoff retention percentage decreased with increasing precipitation depth. The overall runoff retention from this research was reasonable but somewhat lower than some previously reported values. This lower rate reflects the experimental design that monitored only the vegetated roof media and thus, quantifies the lower limit of this vegetated roof technology.
Soil media differed among studies. Most studies that report S f c values only present results from laboratory tests. In contrast, this study's S f c value (14%), optimized to predict runoff, was lower that from the laboratory tests. S f c values range from a low value in the current study, 14%, to a high of 34% in Bengtsson et al. (2004) . Because the sensitivity analysis demonstrated that S f c is the second most sensitive parameter for retention prediction, improved characterization of field capacity is recommended.
Vegetated Roof Water Balance Model Results
This study's VR-WBM successfully predicted the daily soil moisture storage to within 0.61 mm after a period of 115 days. The VR-WBM requires three vegetation parameters and two soil characteristics and is most sensitive to c, S Ã , and S f c parameters. The soil characteristics can be determined from laboratory tests. The vegetation parameters are likely transferable for similar sedum species, but experiments are needed to determine parameters for other species. The model performed well with very low biases (less than 1% for runoff), low RMSE values, and R 2 values of 0.94, 0.98, and 0.59 for module storage, runoff, and ET, respectively.
The VR-WBM's performance exceeds that of most previous models for the performance metrics that were available for comparison. On the basis of figures in Lazzarin et al. (2005) , their modeled ET performance had much greater variability than our model, suggesting that the additional parameter data set does not improve performance. Berghage et al.'s (2007) daily AGRR model requires only one coupled soil and plant parameter, can be applied at multiple scales and locations, and predicts daily available storage. Their predicted and observed runoff depth comparison results (R 2 ¼ 0:578 and 0.679) indicate that their model does not perform as well as the current model (R 2 ¼ 0:98) but may be valuable when a reduced parameter set is needed. Berghage et al.'s (2007) SGRR flood routing based model, which predicts vegetated roof retention on a per storm basis, had better performance (R 2 ¼ 0:906) but appears to slightly overpredict runoff. Another individual storm runoff model, HYDRUS-1D, created by Hilten et al. (2008) , which sets the antecedent soil moisture to a site specific average value, performs as well as SGRR (R 2 ¼ 0:92) and also had modest overpredictions that were not statistically significant. Palla et al.'s (2009) SWMS_2D runoff prediction model with over ten parameters had low relative percent deviations but occasionally overestimated runoff by up to 33%.
Conclusions
Although quantitative vegetated roof stormwater performance was studied previously, this study presents results from a lysimeter experiment conducted outside of a greenhouse and uses those results to develop, calibrate, and validate a water balance model. This study characterized water storage with a 0.051 mm resolution. These high resolution observations enabled the day-to-day difference among ET rates to be quantified. The crop coefficient is 0.53 for the study's sedum canopy and the onset of stomatal closure occurs at 0:11 m 3 ∕m 3 . Notably, the majority of the research period was during the late season; it is likely that the mid-summer crop coefficient is underestimated and additional study is recommended. In addition, the formation of dew was observed and quantified. Dew is a water balance component that has not previously been considered in vegetated roof studies. The experimental results showed that for this New Hampshire study site, the overall average stormwater runoff reduction was 32% with an average reduction per storm of 57% for the 4 month research period.
The detailed experimental results provided the ability to calibrate soil and vegetation parameters for VR-WBM. This model was created to predict long-term water storage for vegetated roofs. The model performs extremely well with accuracies and efficiencies for runoffs of (R 2 ¼ 0:98, E ¼ 0:98) and storage (R 2 ¼ 0:94, E ¼ 0:93), and requires five soil and vegetation parameters. Although this model performed well for the current site, it should be tested by using results from a range of experimental studies to understand its robustness.
The comparison among studies showed that although many of these experiments have similar experimental methods, each study is inherently different and thus, difficult to directly compare studies. Factors that differ among sites are substrate depths and composition, roof slopes, plant species, period of study, and extent of plant propagation. As seen in the sensitivity analysis, many of these factors significantly affect stormwater reduction. Intercomparison studies are best served by experiments that completely document observation period, location, substrate depth and composition, roof slope, plant species and propagation, and whether the system is modular or plant-in-place. Testing the performance of water balance models across sites will require detailed observations of event depth, event duration, event time to peak, and, when possible, antecedent moisture conditions before each event.
